Although rabies outbreaks in most parts of the world tend to be host species-specific the rabies currently enzootic in the Canadian province of Ontario is hosted by two wildlife species, the red fox and the striped skunk. Previous studies employing monoclonal antibody panels failed to identify any host-specific differences in Ontario rabies virus street isolates, but certain observations suggested the existence of more than one viral strain in terrestrial mammals of this region. The extent of variation of the rabies virus circulating within this region has been re-examined using molecular biology techniques. The N gene of several independent isolates was amplified using PCR and the resulting products were compared by restriction enzyme analysis and, in some cases, by DNA sequencing. This analysis confirmed that there was indeed no host-specific variation in the portion of the viral genome under study but there were, however, very clear and consistent differences in the virus from distinct geographical regions.
Introduction
Rabies virus, the prototype of the lyssavirus genus, is a bullet-shaped virus with a single-stranded negative sense RNA genome that has been well characterized by molecular cloning (for review, see Wunner, 1991) . The genome contains five genes, designated N, NS, M, G and L, which encode four structural proteins and a polymerase, respectively.
This neurotropic virus infects a wide range of warmblooded animals, causing severe neurological symptoms which almost invariably result in death (Charlton, 1988) . In developing countries; dogs are the principal host of the disease whereas in Europe and North America, where dog vaccination programmes are well established, the virus persists predominantly in wildlife species (Wandeler, 1987) . Important to any rabies control programme is a clear understanding of the disease epidemiology, including knowledge of the precise nature of the viral agent and how this changes temporally, geographically and according to host species. Over the last decade the use of monoclonal antibodies (MAbs) to examine rabies virus antigenic variation has demonstrated substantial differences between isolates from various parts of the world (Rupprecht et al., 1991) and even between strains enzootic in separate areas of distinct geographical regions of a single country (Webster et al., 1985; Smith et al., 1986; Smith, 1989; Rupprecht et al., 1991) .
Since the development of PCR for amplification of DNA (for review, see Erlich et al., 1988) , its application to genome typing using allele-specific restriction endonucleases has developed rapidly (Uryu et al., 1990) . Similar strategies for viral typing using either restriction endonuclease analysis or DNA sequencing of specific regions of the viral genome are now being developed. Sacramento et al. (1991 Sacramento et al. ( , 1992 have reported on the potential of PCR for both diagnostic and molecular epidemiological applications for rabies and rabies-related viruses. A recent extension of their work has indicated the utility of this approach in phylogenetic studies of rabies isolates from bats and terrestrial mammals . In addition, Benmansour et al. (1992) have used PCR to examine changes in the rabies virus glycoprotein gene upon the adaptation of an Algerian street isolate to cell culture.
The history of rabies in Canada has been reviewed extensively by Tabel et al. (1974) and more recently by Rosatte (1988) . In Canada rabies has been a persistent problem only since the late 1940s and early 1950s when a rabies outbreak in foxes moved south from the Arctic into the Canadian provinces. The disease died out in most areas but became enzootic in Ontario. The prairie provinces were infected with an outbreak of skunk rabies from North Dakota in the late 1950s. Rabies persists in wildlife in both of these areas to this day. In Ontario the red fox (Vulpes vulpes) and the striped skunk (Mephitis mephitis) are the principal hosts of the disease.
Previous studies employing panels of anti-nucleocapsid MAbs to compare antigenic groups of the virus infecting these two species of terrestrial mammals failed to identify any species-specific differences (Webster et al., 1985) . The predominant virus in Ontario is named ' Canadian Arctic', but sporadic regional variants can be detected with anti-N MAbs for limited time periods. Such an antigenic variant has been found for over a year in the south-eastern Georgian Bay area (Webster et al., 1986) and, more recently, a similar short episode was observed for a few months near Midhurst, Ontario. Some variation was also indicated when isolates from various regions, passaged in certain cell lines, exhibited differences in their growth characteristics (W. A. Webster, personal communication). Relevant evidence on this issue has, however, remained limited.
In this report the degree of variation of the rabies virus circulating in Ontario has been re-addressed by comparing nucleotide sequences of rabies virus N genes. Owing to the highly conserved nature of this portion of the genome it was felt that variations found here would not be complicated by excessive random mutation and thus should be useful epidemiological markers. A method is described which employs PCR technology to generate sufficient DNA copies for sequence analysis of the N gene. This protocol has been applied to an analysis of several Ontario rabies virus street isolates. Although no species-specific variation was found, there were very clear regional variations in the N gene sequence. The biological significance of these findings and their importance in understanding the molecular epidemiology of this virus are discussed.
Methods

Sources of virus.
The test rabies virus employed in these studies was the Evelyn-Rokitnicky-Abelseth (ERA) strain. All rabid animal brain specimens used were selected from submissions made to the Rabies Unit of the Animal Diseases Research Institute NEPEAN for diagnosis over a 2 year period (January 1990 to January 1992) and had been diagnosed as rabies-positive by the immunofluorescent staining technique (Webster & Casey, 1988 Preparation of RNA. For the ERA strain, viral RNA was recovered from nucleocapsid material prepared according to Webster & Casey (1988) . For street virus isolates, total tissue RNA was isolated from approximately 0-5 g of brain material. RNA was purified according to the guanidinium thiocyanate method (Sambrook et al., 1989) and was resuspended in 100 gl sterile water. RNA concentration was determined by measurement of absorbance at 260 nm.
Polymerase chain reaction. All oligonucleotides employed in this study were produced using phosphoramidite chemistry on an Applied Biosystems DNA synthesizer. Subsequent to cleavage from the column and deprotection by ammonia treatment, each oligonucleotide was purified by OPC (Applied Biosystems) according to the manufacturer's directions. A summary of all synthetic oligonucleotides used is given in Table 1. PCR primers rabN1 and rabN2 were designed by comparing the base sequence of the N gene termini of the PV (Tordo et al., 1986) , CVS (Mannen et al., 1991) and SAD (Conzelmann et al., 1990) rabies strains. Each primer contained at its 5' end a restriction site (XbaI for rabN1 and SstI for rabN2) which was included to facilitate PCR product cloning. Attempts to utilize primers directed to sequences just outside of the N gene were not successful, possibly because of limited similarity between the street isolates and the laboratory strains in these non-coding regions. The disadvantage of the two rabN primers is that the terminal sequences of the N gene cannot be determined. The first base of the rabNl/2 PCR product which was complementary to the viral genome corresponded to the transcription start site at base 59 of the genomic sequence. The sequencing primers were designed using the sequence data of the two cloned street isolates.
Generation of DNA copies of the viral N gene was performed in a two step procedure involving conversion of negative sense viral RNA into a cDNA copy and then amplification of the cDNA by PCR. The cDNA synthesis was primed with oligonucleotide rabN 1 using 1 to 2 pg of RNA template in a 20 ~tl reaction mixture, which also contained 50 mM-Tris-HC1 pH 8.3, 75 mM-KC1, 3 mM-MgC12, 10 mM-DTT, all four dNTPs, each at 1 raM, 100 pmo1 primer and 200 units Moloney murine leukaemia virus reverse transcriptase (BRL). After incubation at 37 °C for l to 2 h followed by heat inactivation (90 °C for 10 min), the reaction mixture was brought to 100 gl by addition of 10 lal 10 x Taq DNA polymerase buffer (0.1 M-Tris-HC1 pH 8.8, 0.5M-KC1, 15 mM-MgCI~, 1% Triton X-100), 100 pmol rabN2 primer and water.
Two units of Taq DNA polymerase (Bio-Can Scientific) was added to reactions brought to 80 °C; this 'hot start' protocol (Erlich et al., 1991) improved reaction specificity. PCR was performed in a Perkin-Elmer thermocycler for 30 cycles using the following temperature profile: 94°C for lmin, 55°C for lmin, 72°C for 2min and 5s autoextension.
PCR products were purified by a 30 min RNase treatment, recovered by phenol extraction and ethanol precipitation and resuspended in 25 gl TE buffer. This yielded DNA which was consistently susceptible to restriction endonuclease digestion. Restriction endonucleases were used to type the N gene DNA and each digest was scored as either positive or negative according to the presence or absence of a particular site. The finalized panel employed 11 different enzymes which scored 13 specific sites (see Fig. 1 and Table 2 ).
Cloning and sequencing. For cloning purposes, selected PCR products were restricted at their termini with XbaI and SstI, purified by agarose gel electrophoresis and ligated into the vector pGEM-7zf(+) (Promega) cut with the same two restriction endonucleases. Positive recombinant clones were used to generate series of directed deletions by the method of Henikoff (1984) , which were sequenced using Sequenase version 2 (United States Biochemical) and c~-thio[35S]dATP.
Direct sequencing of PCR products was achieved using a series of a2P-labelled sequencing oligonucleotides (see Table 1 ) and a cycle sequencing system (fmol sequencing, Promega) used according to the manufacturer's specifications. The PCR product was treated with GeneClean (Bio-Can Scientific) to remove excess primers before use as a template.
Computer analysis. Analysis of nucleotide sequences, including restriction site screening and translation to protein, was performed using Pustell software (IBI). The aligmnent of multiple gene sequences for dendrogram construction was performed using the CLUSTAL program of Higgins & Sharp (1988) .
Results
Trials with the ERA strain
In order to determine that our amplification strategy would produce the expected N gene product, it was initially applied to viral RNA purified from the ERA strain. As expected, a 1.4 kb DNA product was generated and DNA sequencing of a single clone of this fragment confirmed that it contained the rabies virus N gene (data not shown). The nucleotide sequence of this gene was very similar to the published sequence of the N gene of the closely related SAD B19 strain (see Conzelmann et al., 1990) . The sequenced clone did, however, contain a single base deletion near the 3' end of the coding region which was presumably introduced during the cDNA synthesis/PCR protocol. Although this observation suggested that caution was needed when interpreting sequence data of a single clone, this was in fact the only frameshift mutation observed during these studies. Allowing for the single base deletion the protein product predicted from this nucleotide sequence differed by just four amino acid substitutions from the reported nucleoprotein sequence of the ERA strain (Ertl et al., 1989) .
Cloning and sequencing of street isolates
Next, the N gene amplification protocol was applied to two street isolates, one skunk and one fox, using total brain RNA as the source of viral RNA as described in Methods. DNA fragments of the expected size were obtained in both cases and a single clone of each was obtained for DNA sequencing. The nucleotide sequences for both isolates are included in Fig. 1 and are described in more detail below. The two clones differed by fifteen base substitutions, several of which resulted in differences in the predicted restriction maps between the two genes. In order to demonstrate that the sequence differences observed between these two clones were not an experimental artefact, PCR products were compared using a panel of eight restriction endonucleases. For each viral isolate, duplicate PCR products generated from completely independent reactions were digested separately with each restriction endonuclease, analysed by agarose gel electrophoresis and scored as described (see Methods). For each isolate, the digestion pattern predicted by the nucleotide sequence was consistently obtained, thereby confirming the authenticity of most, if not all, the observed sequence differences.
Since a principal aim of the study was to assess the variation of rabies virus according to whether the host was a skunk or a fox, this analysis was extended to a total of 70 other rabid specimens obtained from the rabiesinfected region of Ontario and from neighbouring parts of Quebec province that recently experienced high levels of rabies activity. In each case, RNA was extracted, the N gene was amplified by the cDNA/PCR two-step protocol and, subsequent to purification, the PCR product was analysed by the restriction endonuclease panel and scored. During these studies the panel employed was expanded to eleven enzymes. The results of this analysis are shown in Table 2 .
Classification of isolates
Several different digestion profiles were found in these street strains, but it quickly became apparent that there were four relatively common profiles and that almost all other profiles differed from these by just a single site change. According to the N gene restriction patterns, isolates were thus divided into four main types, numbered 1 to 4. For each type, the main pattern was designated (a) and variants of this form were designated (b), (c) and so on. Variation between types ranged from four to 11 restriction site differences. Only one profile, which was designated 2/4, did not readily fit this method of analysis, T1   T2   T3   T4   CVS  1141   SK   FX   T1   T2   T3   T4   CVS  1201   SK   FX   T1   T2   T3   T4   CVS  1261   SK   FX   T1   T2   T3   T4   CVS  1321   SK   FX   T1   T2   T3   T4   RABN2   ATACTATATT  TCTTCCACAA  GAACTTTGAG  GAAGAGATAA  GAAGAATGTT being intermediate between types 2 (a) and 4 (a). The two isolates examined initially, which have been included in Table 2 , fell into different groups; the fox was type 2 (a) and the skunk was type 3 (a). The total number of viral isolates obtained for each type is shown in Table 2 together with the host species from which the isolates came. All were from either skunks or foxes, except for three isolates obtained from a wolf, a dog and a coyote. Two of the fox 4(a) isolates were from the OMNR Midhurst wildlife animal compound, which experienced an outbreak of rabies in 1991. A proportion of isolates were analysed in duplicate using completely independent cDNA/PCR products; in all cases the restriction map data were totally reproducible.
Geographical distribution of virus types
Examination of these data readily showed that there was no apparent grouping according to host species; all principal viral types were found in both of the main animal vectors. However, when the geographical location of the isolates was taken into account a striking pattern of regional variation was immediately obvious, as illustrated in Fig. 2 . Type 1 occupied the eastern Ontario region bounded by the Ottawa and St Lawrence rivers and a western boundary running north-east from metropolitan Toronto on Lake Ontario and through Algonquin Provincial Park. It was also the type found exclusively in Quebec. Type 2 occupied the central region of southern Ontario south and west of Toronto, and it also extended northwards to the North Bay region. Type 3 was predominantly in the area neighbouring the Ontario shore of Lake Huron and in the London region. Type 4 was restricted to the southern Georgian Bay area. In contrast, the intermediate type 2/4 was scattered widely, often at the borders of types 2, 3 and 4. The variation seen within each type also demonstrated some regional pattern; for example, the four isolates of type 2(b) all originated from areas bounding Lake Erie and it would appear that this lakeside region harbours a minor viral variant. A few of the isolates did exhibit an additional variation in their restriction pattern, usually for just one enzyme indicating loss or acquisition of a site distinct from the specific site(s) being scored (data not shown). This emphasizes the existence of significant intratypic variation as well as the four main typings.
Sequencing of one prototype for each virus type and comparison with the CVS strain
In order to assess the epidemiological and evolutionary relationships between the rabies viruses from these four regions, a PCR product from one isolate of each type [l(a), 2(a), 3(a) and 4(a)] was subjected to direct nucleotide sequencing as described (see Methods). The resultant sequence data are included in Fig. 1 . In all cases these sequences predicted the observed type-specific restriction maps.
Comparison of the nucleotide sequences of the street virus isolates and the CVS strain identified a significant number of differences (Fig. 1) . The cloned skunk sequence exhibited a total of 146 base substitutions compared to the standard but these were divided very unequally between the three base positions of the triplet T1 T2 T3 m T4 Fig. 3 . Dendrogram of the four rabies types. The N gene sequences of the four rabies types (T1 to -4) were aligned using the CLUSTAL program. Since this program will align sequences with a maximum of 1200 bp the sequence used for this analysis ran from base 81 to 1280 to maximize the number of base differences employed.
codon: 17 at the first base, three at the second and 126 in the third base position. Despite this high level of substitution at position three, no changes at this position resulted in a coding change (see below), reflecting the degeneracy of this position within the genetic code. As indicated above, a far higher level of similarity between the street isolates was observed. The skunk and fox rabies clones, which represented isolates of viral types 3(a) and 2(a) respectively, differed by just 15 base substitutions, 13 of them located at the third base position and the remaining two at base position 1. Similar observations were made upon comparing the consensus sequence of single isolates of each of the four viral types identified in these studies. All are highly conserved compared to the CVS sequence but some of the Ontario types are clearly more closely related than others. Types 3 and 4 are the most similar with only 10 base differences between them. Types 2 and 4 have 12 substitutions between them whereas types 2 and 3 have 16. Type 1 is the most divergent, being different from types 2 and 3 by 19 bases and from type 4 by 17 bases. A dendrogram illustrating these phylogenetic relationships is shown in Fig. 3 .
The much more limited intratypic variation observed during the restriction mapping analysis is also evident to some degree in the sequence analysis. The skunk rabies clone, type 3 (a), exhibits just a single difference, at base 354, from the type 3 consensus sequence, whereas the fox rabies clone, type 2 (a), differs from the type 2 consensus sequence at residues 666, 735 and 1287. These small differences, which probably reflect the quasispecies nature of the virus (Steinhauer & Holland, 1987) , also (Mannen et al., 1991) strain of rabies virus is compared to the equivalent sequence for the PV (Tordo et al., 1986) and SAD BI9 (Conzelmann et al., 1990 ) laboratory strains as well as to the consensus sequence of the Ontario (ONT) virus nucleoprotein as predicted from the nucleotide sequence data shown in Fig. 1 . For these latter strains only differences from the CVS nucleoprotein are shown. Spaces at the ends of the skunk and fox protein sequences (ONT) correspond to the undetermined regions of the N gene.
emphasize the absence of significant species-specific variation since the type 2 sequence was obtained from a skunk and the type 3 sequence from a fox. The nucleoprotein sequence predicted from all of the Ontario N gene sequences is very highly conserved; indeed, only a single conservative difference at residue 218 was observed between the type 2 protein (Glu at this position) and that of all other isolates (Asp at this position), including the original type 2(a) fox clone. Thus, there was no consistent difference between the nucleoproteins of any of these rabies virus types. The nucleoprotein of the street isolates does, however, exhibit differences from the N gene product of several well characterized strains and a comparison of these proteins is shown in Fig. 4 . The Ontario protein differs from the CVS, PV and SAD products by 11, 13 and 11 amino acid residues respectively. The protein's terminal regions exhibit greater variability than the central domain. In almost all cases, however, the amino acid substitutions identified were conservative in nature.
Discussion
Protocols for PCR of rabies virus isolates usually amplify the viral genomic RNA rather than viral mRNA. A comparison of the amplification of genomic and mRNAs using infected tissues indicated that the genomic material gives better yields, despite the fact that the latter is present in much higher amounts (Sacramento et al., 1991) . This phenomenon was explained by the greater accessibility of mRNA to nuclease action; geuomic RNA is enclosed as ribonucleoprotein in Negri bodies and, to a lesser degree, within viral particles in brain tissue. Thus, although specimens often arrive at diagnostic units in poor condition, as we have found, amplification protocols do consistently yield sufficient amounts of product for restriction mapping and sequencing. As has been noted previously (Sacramento et al., 1991) , the high degree of amplification achieved by PCR obviates the need for propagation of street isolates through cell culture, a process which can itself significantly alter the nature of the virus under study (Benmansour et al., 1992) .
This report presents, for the first time, virtually the entire sequence of the nucleoprotein gene of several nonpassaged Canadian rabies virus street isolates. The predicted protein product of all these isolates was extremely highly conserved, and differed only marginally from the nucleoproteins of several previously characterized rabies strains (Mannen et al., 1991) . The variations that were found tended to cluster at the termini of the protein. This distribution is interesting in view of the suggestion by Crysler et al. (1990) that the nucleoprotein of the closely related vesiculoviruses may consist of three distinct domains: one each at either terminal, which show limited sequence homology, and a third more highly conserved central domain. Our data would certainly be consistent with a similar domain structure in the nucleoprotein of rabies virus.
Although no host species-specific variation was observed in the rabies isolates studied, regional variation was detected. It is believed that the nucleotide differences observed here, although relatively small (approximately 1% of the N gene), are significant, since they define viral variants which are localized in well defined regions rather than being randomly distributed throughout the study area. Thus the Ontario rabies virus, which had been designated as a single 'Arctic' type, does in fact exist as four main types. These types are divided phylogenetically into two main branches consisting of the eastern type 1 and the other three types, an observation which appears to reflect the historical movement of rabies into the region. In the mid to late 1950s, an epizootic wave moved into southern Ontario from northern Ontario and Quebec. Subsequently the eastern region became isolated from the rabies activity in the other southern regions (Tabel et al., 1974) . The similarity of the virus within specific regions indicates that there is ready transmission of virus from one host species (fox or skunk) to the other, if not in both directions. Furthermore, examination of a few rabies isolates from other species indicated how these were typical of the regional type and thus occurred via transmission from the two main virus hosts.
Because the observed nucleotide differences rarely result in changes in the amino acid sequence, the variations detected by our protocol could not be observed using MAbs. Clearly, viral typing based on nucleic acid sequence variation provides a higher level of sensitivity than is possible using MAbs. In this respect, it is noteworthy that this study identified a Georgian Bay type since the use of MAbs has given conflicting results on the presence of such a variant over the last few years. It remains to be demonstrated, however, that the type identified here as type 4 is indeed equivalent to the Georgian Bay type described previously (Webster et al., 1986) .
Not only will the methods described here provide useful tools for epidemiological studies of Ontario wildlife rabies, they may also provide a basis for a better understanding of some fundamental aspects of the disease patterns. Tinline (1988) has developed an Ontario rabies model which identifies distinct rabies units exhibiting different temporal patterns of disease incidence. The distribution of these units demonstrates significant similarity to the four regions identified in these studies. The generation of distinct disease patterns in these areas might be explained by regional variations in the ecology of the host species. However, in the light of our observations, we feel that the potential role of virus variation on disease incidence is worth investigating. The N gene sequence differences determined for the four virus types might represent genetic markers for more substantial variations in other parts of the viral genome. An extension of these studies to other portions of the genome of these isolates would address this question. An obvious gene for such analysis would be the G gene, which encodes the viral surface glycoprotein responsible for particle entry into host cells. Subtle variation in this protein could be responsible for small variations in viral pathogenesis which, in turn, might form the basis for cycling differences.
A molecular epidemiological study of the rabies virus infecting wild foxes in France was published recently . In that study techniques similar to those described here were applied to the hypervariable pseudogene sequence located between the G and L genes. A divergence of about 2% between 12 independent street isolates was found. Correlation of the sequence data of these isolates with their geographical distribution indicated a slow but steady evolution of the virus.
Finally, it should be pointed out that geographical variations of other RNA viruses have been documented; in particular, molecular biological studies on bluetongue and other orbiviruses led Gould and associates to coin the term 'topotypes' for distinct geographical types (Gould, 1987; Gould & Pritchard, 1990) . Such a term might be appropriate for the rabies variants described here.
